Ubiquitination and proteasomal degradation of cell cycle regulatory proteins are known to play a pivotal role in controlling the progression of the eukaryotic cell cycle. Using the technique of RNA interference (RNAi) on the bloodstream form of Trypanosoma brucei , we were able to knock down expression of each of the 11 non-ATPase regulatory subunit proteins (Rpns) in the 19S regulatory complex of the 26S proteasome. In each case, the knock-down led to arrest of cells within the G1 and G2 phases, suggesting blockage of cell cycle progression at both G1/S and G2/M boundaries. This finding differs from that observed previously in the procyclic form of T. brucei , in which loss of individual Rpns blocks only passage across the G2/M boundary. Thus, proteasomal degradation of additional regulatory protein(s) may be required for exiting from G1 phase in the bloodstream form. In vitro differentiation of each of the 11 Rpn-depleted bloodstream form cell lines into the procyclic form was monitored. Each cell line proceeded to completion of the differentiation process like the wild-type cells with the total percentage of differentiated cells about equivalent to the sum of G1 and G2 cells. Thus, cells trapped in either G1 or G2 phase can apparently still enter and complete the process of differentiation, which is probably neither stage specific nor dependent on the progression of the T. brucei cell cycle. The process is probably a simple pattern change of gene expression in the trypanosome induced by a temperature decrease from 37 ∞ ∞ ∞ ∞ C to 26 ∞ ∞ ∞ ∞ C in the presence of citrate and cis-aconitate.
Introduction
Progression of the eukaryotic cell cycle is regulated by ubiquitin-mediated and 26S proteasome-catalysed proteolysis of various cyclins, cyclin-dependent kinases (Cdks) and Cdk inhibitors (CKI) (King et al ., 1996; Koepp et al ., 1999) . The substrates for ubiquitination can be classified into two categories: those whose destruction is required for cell cycle progression such as Sic1, Pds1 and B-type cyclins, and those whose degradation is not essential for cell cycle such as Cdc1, Cdc20 and G1 cyclins. Thus, a functional loss of the 26S proteasome typically results in arresting the cell cycle at its exit from the telophase during mitosis (Murray, 1995) . But a combined accumulation of G1 cyclins and Sic1 resulting from inhibited proteasome function can also inhibit transition from the G1 to S phase in mammalian cells, resulting in arresting the cells in both G1 and G2 phases (Katagiri et al ., 1995) .
Trypanosoma brucei is a parasitic protozoan and one of the causative pathogens of African trypanosomiasis. We have recently identified, purified and characterized the 26S proteasome from this organism (Li et al ., 2002) and cloned the full-length encoding cDNAs of the seven asubunits and seven b -subunits in the 20S catalytic complex as well as the six ATPases (Rpts) and the 11 nonATPases (Rpns) in the 19S regulatory complex (Li et al ., 2002; Li and Wang, 2002) . Using the technique of RNA interference (RNAi) on the procyclic form of T. brucei , we were able to knock down the expression of each of the 31 subunits in the 26S proteasome and observed that, in all cases, polyubiquitinated proteins were accumulated and cell growth was inhibited. These results indicate that, in T. brucei , there are no interchangeable isomeric forms among any of the 31 proteasomal subunit proteins as in mammalian cells (Voges et al ., 1999) . There is thus, most probably, only a single species and a homogeneous population of 26S proteasome in T. brucei , which should provide an ideal model for further structure-function analysis.
The arrested procyclic-form cells in the RNAi experiments were confined mostly in the G2 phase, suggesting that they may result from inhibited proteasomal degradation of certain mitotic cyclin(s) in T. brucei (Li and Wang, 2002) . This observation agrees with a previous finding in which the procyclic-form T. brucei cells were arrested in the G2 phase by the proteasome-specific inhibitor lactacystin (Mutomba et al ., 1997) . In that particular study, however, the bloodstream-form T. brucei cells were found to be arrested by lactacystin in both G1 and G2 phases. This interesting discrepancy is now re-examined and further confirmed by a different experimental approach through RNAi depletion of individual proteasomal Rpn subunit proteins from the bloodstream-form T. brucei.
The 11 Rpn-depleted bloodstream-form T. brucei cell lines from the RNAi experiment were also tested for their capacity to differentiate into the procyclic form in vitro . This process, initiated by a decrease in temperature from 37 ∞ C to 26 ∞ C in the presence of citrate and cis -aconitate (Czichos et al ., 1986) , occurs in both the pleomorphic shortstumpy (Turner et al ., 1988) and the monomorphic longslender bloodstream forms of T. brucei (Bass and Wang, 1991) . The differentiation was assumed to initiate from a G1 (or G0) receptive window in the cell cycle of T. brucei bloodstream form and progress through the S phase and the G2 phase until the cells were ready to divide in the procyclic form (Ziegelbauer et al ., 1990; Matthews and Gull, 1994a,b) . In such a case, the process of differentiation should have the specific G1 (or G0) stage for initiation and a dependence on the progression of the cell cycle for completion. On this assumption, bloodstream-form cells trapped in the G1 phase might still enter differentiation but cannot complete it, whereas those confined within the G2 phase would not even be able to enter this process. But, in an earlier investigation, Matthews and Gull (1994a) indicated that aphidicolin could not inhibit the differentiation of T. brucei . We have also demonstrated that the bloodstream form of T. brucei arrested under hydroxyurea, aphidicolin or lactacystin was capable of differentiating into the procyclic form (Mutomba and Wang, 1996; 1998) . A similar observation is now made once again in the present study from a reversed genetic approach, which prompts us to conclude that differentiation of T. brucei is probably an altered pattern of gene expression that can be initiated and completed within either G1 or G2 phase without crossing any phase boundaries in the cell cycle.
Results

Expression of each individual proteasome subunit protein is essential for growth of the bloodstream-form T. brucei
We used the RNAi technique to downregulate selectively the expression of the11 individual RPN genes as well as the genes encoding a 3, b 1, Rpt2, Rpt5 and Rpt6 in the bloodstream-form T. brucei cells. A 300-500 bp cDNA fragment from the unique coding region of each gene was inserted into the tetracycline-inducible RNAi vector pZJM between two opposing T7 promoters and two opposing tetracycline operators (Li et al ., 2002; Li and Wang, 2002) . The constructs were each linearized by Not I and electroporated into the T. brucei strain 90-13 bloodstreamform cells expressing both T7 RNA polymerase and tetracycline repressor. After phleomycin selection, the stably transfected cell lines were cloned by limiting dilution, cultivated under phleomycin and induced by tetracycline (1.0 m g ml -1
) to synthesize the double-stranded RNA (dsRNA) encoded by the cDNA insert. The dsRNA is known to lead to degradation of the corresponding mRNA in T. brucei , thus blocking the expression of the encoding gene (Morris et al ., 2001) .
The anticipated tetracycline-induced RNAi on expression of each of the 11 RPN genes was first monitored by Northern blot analysis on the levels of corresponding mRNAs in the RNAi-induced cells. The results (Fig. 1,  insets) showed that, after adding tetracycline to the cell cultures and incubating for 2 days at 37 ∞ C, the levels of mRNAs encoding the 11 Rpn proteins were each significantly diminished in the corresponding RNAi-induced cells. In the cases of RNAi of RPN 1, 3, 5, 7, 11 and 12, the corresponding mRNAs became essentially undetectable on the blots (Fig. 1, insets) . Western blotting analysis of Rpn10 and Rpn11 in lysates of the two corresponding RNAi transfectants also indicated significantly decreased levels of these proteins after 3 days of tetracycline induction (Fig. 2) . These results demonstrated that the RNAi technique worked as well on the bloodstream form of T. brucei as on the procyclic form (Li et al ., 2002; Li and Wang, 2002) with the anticipated outcome.
The potential effect from downregulating the expression of each of the 11 RPN genes on the cell proliferation of bloodstream-form T. brucei was also examined (Fig. 1) . Induction of RNAi was essentially followed by an immediate slowing down of cell growth within the first day in every case except for RPN 5, which demonstrated continued cell growth within the first 3 days before gradually levelling off. This slower response to RNAi could be attributed to a potentially longer half-life of Rpn5 in T. brucei . The inhibited growth of bloodstream-form T. brucei is much more severe than that observed in the procyclic form of T. brucei under the same conditions (Li and Wang, 2002) . It is possible that depletion of individual Rpn proteins from the bloodstream form results in a much more thorough blockade of cell cycle progression than that in the procyclic form (see below). Expression of RPN 6, 8, 9 and 10 mRNAs decreased by about twofold after 2 days of tetracycline induction (Fig. 1, insets) , whereas inhibition of cell growth already became apparent on day 1 (Fig. 1 ). This discrepancy, also observed in the procyclic form of T. brucei (LI and Wang, 2002) , could be attributed to the highly essential function of each individual Rpn subunit. A partial depletion of any one of them resulted in significant intracellular accumulation of polyubiquitinated protein accompanied by cell arrest (Li and Wang, 2002) . Another possible explanation is that many of the biological functions of the Rpn proteins, other than being subunits of the 19S complex, remain unknown. A partial reduction of the unknown function could lead to growth arrest of the cell.
RNAi of the expression of genes encoding the other proteasome subunits, a 3, b 1, Rpt2, Rpt5 and Rpt6, was also performed in bloodstream-form T. brucei . The results (not shown) indicated immediate and complete inhibition of cell growth after RNAi induction in all cases, essentially identical to those observed in Fig. 1 .
Analysis of the phases of cell cycle arrest among the 11 Rpn-depleted bloodstream-form T. brucei cells
To determine whether RNAi of the 11 RPN expressions arrested the cell cycle progression in a specific phase in T. brucei bloodstream form, we stained the RNAi-arrested cells with propidium iodide (PI) on day 0, 1 and 2 after tetracycline induction and analysed them with fluorescence-activated cell sorting scan (FACScan) analysis. For the control cells containing an empty pZJM vector under 1.0 m g ml -1 tetracycline, 52-55% of the cells remained in G1, 25-26% in S and 20-23% in G2 phases during the ensuing 2 days of incubation (Fig. 3) . For the 11 Rpndepleted cell lines, however, there was a decrease in Sphase cell numbers to an average level of about 16% and a corresponding increase in G2 cells, averaging about 36% of the total cell population during the 2 days of arrest. However, the percentage of cells in the G1 phase remained relatively unchanged during these 2 days except for the knock-down of RPN 2, 5 and 6 expression, which showed a decreased G1 cell population (Fig. 3) . This decrease appears to be related to a concomitantly increased cell population with < 2 N DNA content (Fig. 3 ). This population, also observed in the RPN 1 and RPN 9 RNAi studies, most probably represented cells without nuclei known as the 0N1K zoids under the microscope Fig. 1 . RNAi of expression of the 11 RPN genes in bloodstream-form T. brucei and the effects on cell proliferation. The profiles of cell growth among the 11 transfectants were monitored in the absence (-Tet) or presence ( + Tet) of 1 m g ml -1 tetracycline. Time samples were collected during the incubation and cell numbers counted. The insets depict corresponding Northern blot analysis of mRNA levels before and after tetracycline induction for 2 days. The same blots were stripped of the probes and rehybridized with a -tubulin DNA probe as an internal loading control. The 'control' represents data from the bloodstream-form T. brucei strain 90-13 cells transfected with an empty pZJM vector.
( Table 1) (Ploubidou et al ., 1999) . They could be derived from continued mitosis of cells with inhibited S phase and/ or cytokinesis. All types of cells, including the zoids, were counted and reported in Fig. 1 , because it was not possible to distinguish cells of different DNA contents under a brightfield microscope.
These results demonstrate that loss of the Rpn protein subunits from bloodstream-form T. brucei may lead to an apparent double blockade of cell cycle progression from G1 to S and from G2 to M phase. The only unblocked part is probably the progression from S into the G2 phase, which may explain the continuous, albeit incomplete, reduction in the S phase and the corresponding increase in G2 phase cells after the onset of RNAi induction. This finding differs from that on the procyclic form of T. brucei , in which only the passage across G2/M was blocked by the loss of individual Rpn proteins (Li and Wang, 2002) . This distinction between bloodstream and procyclic forms of T. brucei was also observed in a previous study (Mutomba et al ., 1997) , in which the proteasome-specific inhibitor lactacystin was found to arrest bloodstream-form T. brucei cells at both G1/S and G2/M but the procyclic form at only the G2/M boundary. The finding suggests the presence of an additional cell cycle regulator(s) in the bloodstream form, degradation of which by proteasome is apparently required for progression of only the bloodstream cell cycle across G1/S. To verify this important observation further, the PIstained T. brucei cells analysed with FACScan were examined further under a fluorescence microscope for the numbers of nucleus and kinetoplast in individual cells after 2 days of RNAi induction. T. brucei has a periodic S phase for the unit mitochondrial genome, the kinetoplast, which occurs before the nuclear S phase (Woodward and Gull, 1990) . Although replication and segregation of the kinetoplast are well co-ordinated with that of the nucleus under ordinary growing conditions, the former could be readily dissociated from the latter when nuclear mitosis in T. brucei was inhibited by the antimicrotubule agent nocodazole or the microtubule polymerization inhibitor rhizoxin (Ploubidou et al., 1999) . Cytokinesis and segregation of kinetoplast proceeded normally in the T. brucei cells blocked at the G2/M junction, resulting in cells with multiple kinetoplasts but only a single nucleus (Ploubidou et al., 1999) . This was what we observed in the procyclicform T. brucei cells losing individual Rpn subunit proteins (Z. Li and C. C. Wang, unpublished data), indicating cell arrest only at G2/M (Li and Wang, 2002 ). In the current fluorescence microscopic study of PI-stained cell samples, about 500 individual cells were examined from each sample. The control cells had 87% of the population each containing only one nucleus and one kinetoplast (1N1K), 5% had one nucleus but two kinetoplasts (1N2K), whereas 8% had two nuclei and two kinetoplasts (2N2K) in the cell (Table 1) . Among the 11 Rpn-depleted cell lines 2 days into the RNAi induction, there were 66-79% 1N1K cells and 9-21% 1N2K cells in the population (Table 1) , which represented about a 10% shift from the former to the latter compared with the control. This ª 10% change appears to be coincidental with the ª 10% decrease in the S phase and the corresponding 10% increase in the G2 phase cell population after RNAi induction (Fig. 3 ). There was a rather low percentage of 2N2K cells (1-2%) but a relatively high percentage of 0N1K zoids (averaging about 9%) that was not found in the wild-type population (Table 1) . We postulate that about 50% of the cells blocked at the G2/M boundary had completed kinetoplast segregation, and some underwent aberrant cytokinesis without mitosis. The progeny of this event is expected to be 0N1K (the zoid) and 1N1K with twice as much nuclear DNA, which was precisely what we had observed in T. brucei arrested at G2/M via a knock-down of cyclin B2 expression by RNAi (Li and Wang, 2003) . Among the 11 Rpn-depleted cell samples, none was found to contain more than two kinetoplasts, but zoids were detectable at about 9% under the fluorescence microscope (Table 1) , which provided yet further supporting evidence that the bloodstream-form cells had both G1/S and G2/M junctions blocked upon losing individual Rpn proteins
Differentiation of the Rpn-depleted bloodstream-form T. brucei into the procyclic form
With the indication that the Rpn-depleted bloodstreamform T. brucei cells are trapped in G1 and G2 phases with both G1/S and G2/M transitions effectively blocked, it will be interesting to see whether the bloodstream form could still differentiate into the procyclic form. Temperature of the bloodstream-form cell culture was decreased from 37∞C to 26∞C after 2 days of RNAi induction. Citrate and cisaconitate were added to the culture to initiate the process of differentiation. Time samples collected for Western analysis, aimed at monitoring the anticipated disappearance of VSG 221 and the emergence of procyclin during differentiation, indicated that cells containing the empty pZJM vector differentiated in the presence of 1.0 mg ml -1 tetracycline over a normal time course as in the no-drug control (Mutomba and Wang, 1998) (Fig. 4) . Microscopic examination of the morphology of the cells collected after 60 h of this in vitro differentiation (Fig. 5 ) also identified the cells in procyclic form (Brown et al., 1973) . For the in vitro differentiation of the 11 Rpn-depleted bloodstreamform cell lines, each turned out to be capable of differentiating into the procyclic form in vitro, judged by time courses of disappearance of VSG 221 and emergence of procyclin (Fig. 4) and the cell morphology at the end of 26∞C incubation for 60 h (Fig. 5) ; each cell line was fully capable of completing the differentiating process. Approximately 90% of the cell population remained at the completion of differentiation, suggesting limited cell lysis during this process. To verify further that the bloodstream form had been truly converted to the procyclic form in 
these 11 instances, cells collected at the end of the 60 h in vitro differentiation process were incubated with specific antibodies against VSG 221 and procyclin and stained with fluorescein and Texas red respectively (see Experimental procedures). Under a fluorescence microscope, most of the cells stained red and assumed the morphology of the procyclic form, thus confirming the authenticity of the end-result from differentiation (Fig. 5 ). There were still some cells stained green with the morphology of the long-slender bloodstream form (Brown et al., 1973) , probably representing those that failed to differentiate. A careful counting of the green fluorescent cells among a population of ª 500 red fluorescing cells indicated that 12% of the bloodstream form failing to differentiate in the control sample but about 20% among the Rpn-depleted cell lines (Table 2 ). The precise cause of this higher failure rate is not immediately clear, but the compromised physiological condition of the arrested cells after 2 days of RNAi induction before initiation of differentiation may have contributed to it. An analysis by densitometer tracing of the stained VSG bands at time 0 and 60 h of differentiation (Fig. 4) indicated that about 30% of VSG remained at the end of the process, which was close to, albeit somewhat higher than, the estimated 20% failure in Table 2 . A spe- Fig. 4 . Effect of Rpn depletion on the differentiation of bloodstream-form T. brucei into the procyclic form. RPN RNAi induction in the 11 bloodstream-form T. brucei cell lines was induced by adding 1 mg ml -1 tetracycline. At 2 days after the induction, the incubation temperature was lowered from 37∞C to 26∞C, and 5 mM citrate and 5 mM cis-aconitate were added to the culture medium to initiate differentiation. At different time intervals thereafter (12 h, 24 h, 36 h, 48 h and 60 h), samples of cells were harvested and lysed in the lysis buffer (Li and Wang, 2002) . Western blottings were performed on each time sample to monitor the anticipated disappearance of VSG and the appearance of procyclin during differentiation. Immunostaining of a-tubulin was performed on the same membranes as a sample loading control. Lysates of bloodstream-form T. brucei strain 90-13 cells and procyclic-form T. brucei strain 29-13 cells were used as VSG and procyclin controls respectively. BSF, bloodstream form; PCF, procyclic form. cific effort was then made to identify the cells that could be stained both red and green after the 60 h in vitro differentiation (Fig. 5) . The results (Table 2) showed an average of about 3% of such cells, suggesting that absence of proteasomal function in T. brucei does not have a significant inhibitory effect on the shedding of VSG during differentiation. Finally, samples of control, rpn1 and rpn12 cells were subjected to FACScan analysis before and after the 60 h differentiation. Time samples taken at 0, 12, 24, 36, 48 and 60 h of differentiation were analysed in FACScan. The results, presented in Fig. 6 , indicated no detectable profile change before, during and after differentiation among the three different cell lines, suggesting an arrested cell cycle progression with or without RNAi throughout the process of differentiation.
A comparison of the data between Fig. 3 and Table 2 indicates that the percentage of cells capable of differentiating under RNAi is significantly higher than that of either G1 or G2 population alone and is roughly equivalent to the sum of G1 and G2 cells together. For example, the rpn1 cells have 39% with G1 DNA content and 45% with G2 DNA content (Fig. 3) , whereas 76.8% of the population completed the process of differentiation with VSG -/ procyclin + on the membrane surface ( Table 2 ). The rpn12 cells have 40% cells in G1 and 41% in G2 (Fig. 3) , whereas 79.9% of the cells differentiated completely (Table 2) . It is thus inconceivable that the differentiated cells could be derived exclusively from only the G1 or the G2 phase cells alone. The percentages of differentiation are also close to the sums of 1N1K and 1N2K cells listed in Table 1 , which represent the combined G1 and G2 population. It is thus highly likely that bloodstream-form T. brucei is capable of differentiating while trapped in either G1 or G2 phase. The process of differentiation may not require a specific window to initiate or a transition across any phase boundary in the cell cycle. The perfect agreement between the present observation and those from two previous studies (Mutomba and Wang, 1996; 1998) further supports this conclusion.
Discussion
In the present study, we used the technique of RNAi to downregulate expression of the subunit proteins of the 26S proteasome in the bloodstream form of T. brucei and 4.8 ± 1.9 16.8 ± 2.0 78.4 ± 0.1 rpn2 10.0 ± 2.0 21.0 ± 8.0 69.0 ± 6.1 rpn3 2.6 ± 1.6 22.5 ± 1.9 74.9 ± 0.5 rpn5 4.0 ± 1.7 22.5 ± 0.5 73.5 ± 1.1 rpn6 1.0 ± 0 22.2 ± 5.2 76.8 ± 5.2 rpn7 2.9 ± 0.9 20.0 ± 1.5 77.1 ± 0.7 rpn8 1.3 ± 1.3 23.5 ± 4.5 75.2 ± 3.3 rpn9
1.6 ± 1.6 21.8 ± 0.8 76.6 ± 0.7 rpn10 5.3 ± 3.0 16.0 ± 2.0 78.7 ± 1.0 rpn11 1.5 ± 0.5 17.0 ± 0.5 81.5 ± 0.1 rpn12 1.3 ± 0.3 18.8 ± 2.0 79.9 ± 1.7 observed rapid and near total inhibition of cell growth in nearly every instance. A more in-depth analysis of the phenotypes from knocking down individual RPN expressions provided convincing indications that progression of the cell cycle was arrested at both G1/S and G2/M transition points upon depletion of each of the 11 Rpn proteins. The observation is particularly interesting when compared with that from a previous study on the procyclic form of T. brucei (Li and Wang, 2002) , which showed that, by depleting the same individual Rpn proteins, the cells were arrested only at the G2/M boundary. It also agrees with a previous finding that a proteasome inhibitor, lactacystin, arrested the bloodstream-form T. brucei at both G1/ S and G2/M, whereas the same inhibitor stopped the procyclic form only at the G2/M junction (Mutomba et al., 1997) . This intriguing discrepancy between the two forms of T. brucei has thus been repeatedly documented and requires a more in-depth investigation in future.
Little is known about how the cell cycle of T. brucei is regulated at the molecular level. Three cdc2-like protein kinase genes have been cloned from T. brucei (Mottram and Smith, 1995) . Two cyclin-like genes, CYC2 and CYC3, were also cloned from T. brucei through rescuing a yeast G1 cyclin mutant (Van Hellemond et al., 2000) . But the real function of these cdc2 and cyclin homologues in T. brucei still remains to be elucidated. With the T. brucei genomic DNA sequence information available from the database of TIGR Trypanosome Genome Project, we (Li and Wang, 2003) recently cloned cDNAs encoding three additional G1 cyclin homologues (CycE2, E3 and E4) and two additional mitotic cyclin homologues (CycB2 and CycB3) (GenBank accession numbers AY157028-AY157032) and performed RNAi on the expression of each of these individual genes in the bloodstream as well as the procylic forms of T. brucei. The results indicated that different cyclins play essential roles in facilitating passages through G1/S and G2/M boundaries in the respective forms of T. brucei (Li and Wang, 2003) . This finding may well explain why a loss of proteasomal function arrests the bloodstream and procyclic forms in different phases of the cell cycle. If interplays among different cyclins, Cdks and CKIs should regulate progression of cell cycle in the two forms, a non-discriminatory inhibition of proteasomal degradation of these regulatory factors will arrest the two forms in different phases. This is an extremely interesting subject on the regulatory mechanism of the T. brucei cell cycle for further research, which we are pursuing vigorously at present.
The capability of bloodstream-form T. brucei to differentiate into the procyclic form while its cell cycle progression is fully arrested was first demonstrated under hydroxyurea and aphidicolin while the cells were trapped in G1 and G2 phases (Mutomba and Wang, 1996) . A subsequent study provided a similar observation under the proteasome inhibitor lactacystin (Mutomba and Wang, 1998) . The current finding by an RNAi approach has further supported these findings. There can thus be little doubt, in our minds at least, that this process of T. brucei differ- Fig. 6 . FACScan analysis of the control, rpn1 and rpn12 cell lines of T. brucei bloodstream form during its differentiation process. Cell samples were taken at 0, 12, 24, 36, 48 and 60 h into the in vitro differentiation as described in the legend to Fig. 4 and analysed by FACScan analysis as described in the legend to Fig. 3. entiation may not have a specific window of entry and does not require transition from one phase to another in the cell cycle. Unfortunately, this conclusion contradicts a previous belief that there is an interplay between differentiation and cell division in T. brucei (Matthews and Gull, 1994a,b) . It has its origin from a long-term and deeply rooted contention that the actively dividing long-slender bloodstream-form T. brucei must be transformed first into the non-dividing short-stumpy bloodstream form before further differentiation into the procyclic form (Wijers and Willett, 1960) , thus suggesting G1 (or G0) phase as the entry point for differentiation. After the demonstration some years ago that the long-slender form does not have to go through the short-stumpy form to differentiate into the procyclic form (Bass and Wang, 1991) , it is now accepted by many researchers that the short-stumpy form is not a necessary intermediary step in differentiation. The monomorphic long-slender bloodstream form, which cannot be transformed into the short-stumpy form, is now used for differentiation studies in many laboratories (Blundell et al., 1998; Sbicego et al., 1999) . But a study indicating an unusually rapid shedding of VSG and prompt appearance of procyclin during differentiation of one particular pleomorphic population of Trypanosoma b. rhodesiense (Matthews and Gull, 1994a) helped to sustain the concept that cell cycle re-entry is coincidental with differentiation of the stumpy population to their procyclic form with a point in G1 (or G0) being that starting point. It then led to the belief that the short-stumpy form differentiates synchronously, whereas the long-slender form does not (Matthews, 1999) . In our view, however, there ought to be more convincing evidence supporting these important conclusions instead of one observation on a pleomorphic population of T. rhodesiense. An experiment capable of distinguishing a synchronous differentiation from a non-synchronous one should also be necessary to consolidate the claim. As far as we are aware, the belief that T. brucei cells that fail to progress through the cell cycle also fail to differentiate was based on an observation that, among more than 10 000 differentiated cells, there were 175 cells caught in the dividing form and none of them had differentiated (Matthews and Gull, 1994a) . In contrast, 90% of the non-dividing forms that could apparently progress through the cell cycle had differentiated. In the same study, however, aphidicolin (20 mg ml ) was found to be incapable of stopping the differentiation, a study that was subsequently confirmed by us (Mutomba and Wang, 1996) . The conclusion from this particular study (Matthews and Gull, 1994a) was that cell cycle progression and differentiation are processes that are coincidental but re-entry into the cell cycle can also be uncoupled from differentiation (Matthews and Gull, 1994a) . It did not, however, indicate that differentiation could be entered into from all phases of the cell cycle.
An intriguing thought occurred to us during the present investigation. Could it be that the block of G1/S passage in the RNAi bloodstream form is removed by the decrease in temperature from 37∞C to 26∞C? If it were, cells arrested in the G1 phase would proceed through S and G2 up to the G2/M boundary. One could then argue that differentiation may take place only in the G2 phase. But the previous indication (Matthews and Gull, 1994a; Mutomba and Wang, 1996) that the bloodstream form arrested by aphidicolin at G1/S could still complete differentiation with a wild-type time course has ruled out such a possibility. Similarly, another alternative explanation that some cells arrested at G2/M may break through the blockade upon a temperature drop from 37∞C to 26∞C is deemed to be equally unlikely because: (i) there was no detectable increase in cell numbers at the beginning of differentiation in our study; (ii) similar knock-down of individual Rpns in the procyclic form of T. brucei cultivated at 26∞C resulted in clear blockade of all the cells at the G2/ M boundary (Li and Wang, 2002) .
If we can accept a different concept that the differentiation is not coupled to the progression of the cell cycle in T. brucei and can occur within either G1 or G2 phase, one could view the differentiation as simply a change in gene expression pattern triggered primarily by the temperature decrease from 37∞C to 26∞C in the presence of citrate and cis-aconitate. This change could be attributed to altered profiles in transcription, translation, mRNA stability, protein stability (albeit without apparent involvement of the proteasome) or a combination of any of the four that could occur in either G1 or G2 phase. In a recent microarray display, comprising 21 024 T. brucei random polymerase chain reaction (PCR) products, about 2% exhibited significant differences (>twofold) between the transcript levels in the bloodstream and procyclic forms (Diehl et al., 2002) . Of the 33 clones showing twofold or more overexpression in the bloodstream forms, 15 contained sequences similar to those of VSG expression sites and at least six appeared to be non-protein coding. Of the 29 procyclic-specific clones, at least eight appeared to be non-protein coding, whereas the rest encoded mostly the metabolic enzymes already known to exist at enhanced levels in the procyclic form. This surprisingly high proportion of genes, the differential expression of which was already known, within such a small sample suggested that even the altered pattern of transcription could be somewhat limited during differentiation. Post-transcriptional modification may play a more important role leading to the morphological and metabolic changes in the procyclic form. One good example was provided by Blattner and Clayton (1995) in explaining the preferential expression of glycosomal phosphoglycerate kinase in the bloodstream form but a cytoplasmic one in the procyclic form of T. brucei. The regulatory sequences in the 3¢-untranslated regions of the two encoding mRNAs endow different stabilities of the mRNAs in the two forms of cells, thus achieving differential gene regulation.
Experimental procedures
Materials
The bloodstream-form T. brucei strain 90-13, containing the genes expressing T7 RNA polymerase and tetracycline repressor (Wirtz et al., 1999) , and the pZJM DNA transfecting vector (Wang et al., 2000) were gifts from Dr P. T. Englund of the Johns Hopkins University School of Medicine. Fetal bovine serum (FBS) was from Atlanta Biologicals. Mouse monoclonal antibody against a-tubulin was from Sigma, whereas mouse monoclonal antibody against procyclin, the membrane surface antigen of procyclic-form T. brucei, was from Accurate Chemical and Scientific Corporation. Rabbit polyclonal antibodies against the variant surface glycoprotein (VSG) 221 of bloodstream-form T. brucei was a gift from Dr G. A. M. Cross of the Rockefeller University. Horseradish peroxidase (HRP)-conjugated donkey antiserum against rabbit immunoglobulin G (IgG) and HRP-conjugated goat antiserum against mouse IgG were from Amersham Pharmacia. Fluorescein isothiocyanate (FITC)-conjugated goat antiserum against rabbit IgG and Texas red-conjugated horse antiserum against mouse IgG were both obtained from Vector Laboratories. All other chemicals used in the current study were of the highest purity commercially available.
Cell culture
Bloodstream-form T. brucei cells were cultivated at 37∞C in the HMI9 medium supplemented with 10% FBS and 10% serum plus (Hirumi and Hirumi, 1989) . G418 (2.5 mg ml -1 ) and hygromycin B (5 mg ml -1 ) were added to the culture medium to maintain the T7 RNA polymerase and tetracycline repressor constructs within the cell line 90-13.
RNA interference
Partial cDNA fragments (300-500 bp in length) of T. brucei a3, b1, RPT2, RPT5, RPT6 and the 11 RPN genes were each subcloned into the pZJM vector (Li et al., 2002; Li and Wang, 2002) . Transfection of the bloodstream-form T. brucei with DNA construct by electroporation was performed essentially as described previously (Morris et al., 2001) . Briefly, 10 8 cells were harvested, washed once with cytomix buffer (Mutomba et al., 1997) and suspended in 0.5 ml of the same buffer containing 100 mg of the phleo-containing pZJM DNA construct linearized with NotI so that it can be integrated into the rDNA spacer region of the chromosome in the transfected T. brucei cells. Electroporation was carried out in a 4 mm cuvette using the Gene Pulser (Bio-Rad) with parameters set as follows: 1.7 kV voltage, 400 ohms resistance, and 25 mF capacitance. The cells were transferred to a 24-well plate in HMI9 medium immediately after electroporation and incubated at 37∞C for 24 h. The transfectants were selected with 2.5 mg ml -1 phleomycin and cloned by limiting dilution. For induction of RNAi, the stable transfectants were cultured in the presence of 1.0 mg ml -1 tetracycline. Cell numbers were counted at different time intervals under a microscope using a haemocytometer.
Northern blot analysis
After the induction of RNAi in the transfected bloodstreamform T. brucei cells, total RNA was extracted from the cells at different time intervals using the TRIzol reagent (Invitrogen). Thirty micrograms of the total RNA was denatured, separated on 1.2% formaldehyde agarose gel and blotted onto nitrocellulose membranes in a 20¥ SSC (150 mM NaCl and 0.15 mM sodium citrate) solution. Northern hybridization was carried out overnight at 42∞C in 50% formamide, 6¥ SSC, 0.5% SDS, 1¥ Denhardt's solution with 0.1 mg ml -1 salmon sperm DNA. After stripping the probes, the same blot was rehybridized with an a-tubulin gene fragment as loading control.
Fluorescence-activated cell sorting (FACS) analysis
Samples for FACS analysis were prepared as described previously with minor modifications (Mutomba et al., 1997) . Briefly, a sample of the transfected bloodstream-form T. brucei cells (2 ¥ 10 6 cells) was collected 0, 1 and 2 days after tetracycline induction, centrifuged at 2500 g and 4∞C for 10 min and washed twice in phosphate-buffered saline (PBS; 137 mM NaCl, 8 mM KCl, 10 mM Na 2 HPO 4 , 2 mM K 2 PO 4 , pH 7.4). The pellet was gently suspended in 100 ml of PBS, mixed with 200 ml of 10% ethanol-5% glycerol in PBS and then with another 200 ml of 50% ethanol-5% glycerol before incubation on ice for 5 min. One millilitre of 70% ethanol-5% glycerol was then added and left at 4∞C for another 5 min. The cells were washed with PBS twice and suspended in PBS. DNase-free RNase (Sigma) and PI were added to the suspension to final concentrations of 10 mg ml -1 and 20 mg ml -1 respectively. The DNA content of the PI-stained cells was analysed with a FACScan analytical flow cytometer using the CELLQUEST software (Becton Dickinson). The MOD-FITLT version 3.0 software (BD Biosciences) was used to determine the percentages of cells in the G1, S and G2 phases of the cell cycle. The same PI-stained cell samples were also examined under Nikon fluorescence microscope for the number of nuclei and kinetoplasts in individual cells.
In vitro differentiation of the bloodstream-form T. brucei into the procyclic form
RNAi was induced in the transfected bloodstream-form T. brucei cells by 1 mg ml -1 tetracycline for 2 days at 37∞C. Temperature of the cell culture was then brought down to 26∞C, and 5 mM Na-citrate and 5 mM Na-cis-aconitate were added to initiate the process of differentiation (Czichos et al., 1986) . At the time intervals of 0, 12, 24, 36, 48 and 60 h, cells were harvested and lysed in the lysis buffer (Li et al., 2002) . The lysate, fractionated by SDS-PAGE, was blotted onto nitrocellulose membrane and stained with antibodies against VSG 221 and procyclin in Western blotting to monitor VSG 221 disappearance and the emergence of procyclin as indicators of the progression of differentiation (Mutomba and Wang, 1998) . The same blot was also stained with the mouse monoclonal antibody to a-tubulin for sample loading control.
Indirect immunofluorescence assay
After differentiating for 60 h, the cells were harvested by a brief centrifugation, washed once in PBS and suspended in it before being spotted on microscopic slides. After adhering to the slide for 10 min, the cells were permeabilized with methanol for 1 h at 20∞C. The slides were washed with PBS for 10 min twice and incubated with the rabbit polyclonal antibodies against VSG 221 and the mouse monoclonal antibody against procyclin (diluted in PBS with 1% bovine serum albumin) at room temperature for 60 min. The slides were washed three more times (10 min each) in PBS with 0.1% Tween 20. FITC-conjugated anti-rabbit IgG antibody and Texas red-conjugated anti-mouse IgG antibody were then applied to the slides for 30 min and washed off three times in PBS with 0.1% Tween 20 (10 min each). The slides were mounted, and the morphology and number of differently stained cells were examined and counted under a Nikon fluorescence microscope.
